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Abstract

Thestudyofmodem U-6Nbprocessesismotivatedbytheneedstoreducefabrication
costsandtoimproveefllciencyinmaterialusage.We havestudiedtwopotentialoptions:
(1)physicalvapordeposition(PVD)formanufacturingnear-net-shapeU-6Nb,and(2)
kinetic-energymetallization(KEM) asasupplementalprocessforrefurbishingrecycled
parts.InFY 1996,we completed(1)twoseriesofPVD runsandheattreatmentanalyses,
(2)thecharacterizationofthemicrostructureandmechanicalproperties,(3)acomparison
oftheresultstodataforwrought-processedmaterial,(4)andexperimentaldemonstration
oftheKEM feasibilityprocesswithawiderangeofvariables(particlematerialsandsizes,
gasesandgaspressures,andsubstratematerials),and(5)computermodelingcalculations.

I. Description of Technologies and Goals

PhysicalVamr Deposition(PVD)--ThisresearchexaminestheeffectsofPVD process
variablesandthesupplementalprocessstepstovalidatetheexperimentalfindingsalready
inhandandtoimprovetheunderstandingofthemicrostructurecharacteristicsofthePVD
deposit.Thegoalsaretolayafoundationforfabricationofhydro-testsamplesandto
developaPVD-basedprocessforfullscalemanufacturing.

Thekeytechnicalissuestobeaddressedaretheimprovementofcomposition
homogeneity,and,consequently,controlofthernicrostmctureandmechanicalproperties
ofPVD material.TheareastobestudiedarethePVD processvariablesincludingion
bombardmentduringdeposition,substratetemperature,andfeedcontrol;andsubsequent
materialprocessingsuchastheoptimizationofheattreatmentforthePVD material.

KineticEner~ Metallization{KEM)--Asasupplementaryprocessforrefurbishmentirepair
orcreationofphysicaldiscontinuitiesfortheblanksmadebysuchprocessasPVD,the
goalofthisstudyk toestablishfeasibilityusingsurrogatepowdermaterials.An outside
contractor(InnovativeTechnologyInc.(lTI))k contractedtoperformtheexperiments.
As abackground,ITI,who hastheproprietaryclaimtothetechnology,firstobservedthe
KEM phenomenainasupersonicparticleignitionstudy,andhassincedemonstratedits
feasibilitywithaseriesoflaboratoryexperiments.Typicalprocessparameterstobe
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studied are: carrier gas type and pressure, powder materials (type and size), impact
velocity, and target materials. Modeling will be included to enhance understanding of the
process, and has been done under a separate funding source.

IL Project Plan

Theprojectplank summarizedinthefollowingtable.

IMivernhks ! Objectives IA rhievementc---- . -.--. — —.- -..—. —— I . ----- . “.-e.. -

PVD
1 testing existing PVD ● build database and c heat treatment

samples from run #3 provide compare . tensile teats
with wrought ● metallurgy
processed material . Auger scan

● optimizing the ● carbon analysis
process . deformation due to heat treatmenfi

completed
● shape memory: completed but results

inconclusive
● surface compos ition mapping

● PVD experiments
● P~~ optimtition . 5 Mars runs completed, 3 short-

for microstructure duration, two long-duration; 3 thick
and properties samples obtained: Mars #7- 700”C
including. substrate substrates temperature with
temperature, ion enhanced ionization, and Mars #b-
ombardment 600 and 700”C substrate

temperatures with no ionization.
) testing new PVD samples . #4-#6 samples optically

micrographyed
● #7 sample fully analyzed
. #9 samples optically micrographed

KEM
B deposition experiments . to demonstrate the . KEM runs at ITI completed

consisting of parameters: KEM process . mechanical test of KEM samples
powder material, substrate, feasibility completed.
powder size, gas pressure ● modeling using CALE computer code
(100-450 psig), and gas: in progress, funded under other
helium or nitrogen source

progress reporting JOWOC31 meeting in May ‘%
process modeling and system cold and hot work preliminary results
analysis process simulation
-. . . / * ., m––.—.–.—.----- A-J
Keportmg I I reports ana (mereea) Jourmu accwwu

111. Accomplishments

We haveaccomplishedthefollowing:

● Completed5PVD runstorefinetheprocessconsistingofsuchparametersas
substratetemperature,ionenhancement,andvaporfluxdensity.

● Characterizemicrostructureandtensilepropertiesofthesamplesfromprevious
andmostcurrentruns.

● ComparethepropertiesandcharacteristicsofthePVD alloywiththosefromthe
conventional(wrought)processedalloy.

. KEM experimentsanddataanalysis.

. Publications.
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A.1 PVD Experimental Setup

The setup (Figure 1) consists of an electron beam gun; a bottom-fed water-cooled
crucible; thermally controlled substrate(s); and a water-cooled vacuum chamber. The
substrates were also electrically insulated so that a DC bias voltage could be imposed.
In addition, a tantalum anode for ion-enhancement, and electrical hookup for the
anode (500 amp at 30v) with electric insulation and grounding fixtures were also
incorporated in the setup as shown for the current runs.

As the overhead E-beam melts the ingot from the crucible, the U and Nb vaporized
and coated the substrates. Feedstock ingot was made by E-beam cold hearth melting
and casting of U-6Nb forming scrap material. Since the scrap material was from a
wrought-processed alloy, it is assumed that the ingot chemistry was within the
specification of 5.2-6.5% wt-%Nb, and that there was no loss of Nb through
vaporization process.

A.2 PVD Sample Analyses

Thefollowingtable(TableAl)k asummaryof(flatplate)runsfromallMarsruns.

Thin A 1
1 aumw AA

Mars temp BiasKV Gun Vapor Ion Substrate Comments and Notes
Runs “c Current, Rate, %

# ampere kgihr
1 1050 0 4.0 4.7 0 aperturepre-LDRDrun:goodproperties,

plate columnargrains,somebanding
3 900 0 5.3 5.1 0 aperturepre-LDRDrun:goodproperties,

plate columnargrains,micro-voids,
banding

3 580 0.15-0.5 5.3 5.1 2 roof pre-LDRD run: good properties,
smaller, equiaxed grains, sharp
banding

3 350 0.15-0.5 5.3 5.1 2 roof pre-LDRD run: poor quality deposit

4 shakedown run for the current
LDRD matrix

5 710 1.5 4.0 3.6 5 substrate 2 hour run: fully dense, smaller,
equiaxed grains, very sharp
banding

6 680 1.5 4.0 3.6 1 substrate 2 hour run: poor deposit

7 700 1.5 4.0 3.6 8 substrate 5-1/2 hour run: good tensile
properties; some inclusions

9 580 0 5.5 6.6 0 roof and 6 hour run: 2 solid deposits
& substrate obtained (2-9/16’’x5-3/l 6’’xO.150)

700 from substrates at 600 and 700°C,
no bias nor ion enhancement; bias
was lost due to shorting; the
deposits on the roof substrates were
poor. Metallurgy pending.

—. . .
TestingofPVD SamplesfromPreviousRuns(run#3)--Theheattreatmentand
mechanicaltestingofthePVD samplesfromrun#3runwerecompleted.These
sampleswereproducedusing two different substrate temperatures, 580°C with 0.15-
0.5KV bias and 900 ‘C without bias (identified as PVD 500b and PVD 1000u,
respectively), consisting of 8 specimens. The alloy made with the substrate
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temperature at 580 “C has substantially better combined tensile properties than the one
made with the substrate temperature at 900 “C. With aging at 200 ‘C for two hours,
both sets of material showed a decrease in elongation but an increase in yield strength.
However, at -40 “C, elongation for the 580 “C substrate material increased from 26!%0
to 38$Z0,as shown-in Table A2.

The microstructure characterization showed that the grains of PVD 500b are equiaxed

and about 10-20 ~m in size with fine banding of Nb-rich regions and Nb-lean regions
through the thickness. The microhardness trace across the bands indicates that the Nb-
rich region is much softer than the Nb-lean region. Moreover, the size and volume
fraction of the Nb-rich phase precipitates in PVD 500b are considerably different from
those of the PVD 1000u. They were long and sparsely distributed in the uranium
matrix, resulting in lower strength. Although the grains of PVD 1000u are columnar
and an order of magnitude larger compared to PVD 500b, the Nb-rich phase
precipitates are fiiely distributed in the uranium matrix, exhibiting higher strength and
rnicrohardness but lower elongation. In addition to the inverse relationship between
the strength and the elongation, a lower elongation value is also attributed to the
presence of voids along the boundaries. Because the material contains columnar
grains, it maybe quench sensitive, causing it to form voids along the boundaries to
relieve thermal stresses. The causes of void formation will be further analyzed.

The tensile property values are compared with those of the wrought processed U6Nb
alloy (Y- 12) at room temperature and -40 “C. The wrought specimens were standard
cylindrical geometry, whereas the PVD specimens were flat “dog-bone” shape, with a
40% reduced gage thickness to ensure failure in the gage length.

Material ID I-IT Test UTS (ksi) YS (ksi) Elongation E
(“c) (%) (x106 psi)

PVD 500b y-quench only 25 126 22 40 9

PVD 500b ‘q-uenched and aged 25 130 51 26 9.9

PVD 500b y-quenched and aged -40 150 51 38 10

PVDIOOOU y-quench only 25 144 28 24 10.6

PVD1OOOU y-quenched and aged 25 137 69 20 11.9

PVD1000U y- quenched and aged -40 164 69 20 12

Wrought y-quenched and aged 25 126 65 34 10.5

Wrought y-quenched and aged -40 148 67 33 11.1

TestingofPVD SamplesfromCurrentRuns(Mars#5,#6,#7,and#9)--Metallurgic
analysesofmostofthesampleshavebeencompetedshowing:asoliddepositfrom#5
withsharplayersofbanding,butaporous#6deposit.Samples#7and#9weresolid
depositsthickenoughformechanicaltesting.#7wasobtainedat700”Cwithbias
voltageatO.15KV andenhancedionizationof 8~0. #9 yielded two samples on
separate substrates at 600 and 700”C with no bias. Analyses of # samples were
incomplete.
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Figure 1 PVD Layout with Substrate Assembly and Ion-Enhancement Anode

Run#7showedaverysoliddepositwithlayersofsharpbandingwithcolumnar
structure, similar to that of run #6 and 1000u of run #3. The tensile specimens from
run #7 were heat treated (Gamma-quenched and aged) and tensile tested. They
exhibited equivalent strength and ductility as the wrought-processed material (with
strength of 130 ksi and 3270 ductility).

A.3 Observations and Conclusions for PVD Process

We have characterized a wide range of process variables and broadened our PVD data
base for U-6Nb forming, with the following observations:

1. Good deposits can be obtained:

– 580”C, biased

700°C, biased and ion-enhanced

900”C and 105O”C, unbiased
2. questionable deposits:

– 600°C and 700”C, unbiased
— analysis not complete

3. Failed deposits:

– 350”C, biased
— 450”C and 480”C, unbiased

We conclude that the optimum PVD conditions have not been established.
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Otherprocessconditions,however,wereestablishedforthecurrentmeltchamber
setup:

● adequate E-gun current is to be 4-6 amps at 35 kv

. maximum sustainable current the ion enhancement anode is 400amp at 40v
● manual controls of E-gun and feed are adequate
● substrate temperature is a fimction of location and E-gun power.

Forfutureexperiments,thedepositionprocessvariablescanbeimprovedwiththe
following:

. a bettersubstratetemperaturecontrolbyusingactiveheatingandcooling,useof
shutterandgunpoweradjustment.

. useofaclosedepositsurfacetemperaturemonitoring
● aclosecontrolofvaporfluxbetweenruns
. anbetterfeedingotconditioningtoensuredepositquality,and
o abettersubstratesurfacefinishdefinition

In conclusion, we have found that

. high purity, fully dense and fine grained materials can be consistently produced

. material property refinement can be made through PVD process and subsequent
heat treatment

. heat treatment is critical

. tensile properties of PVD materials are comparable to those of wrought-processed
material, based on the static testing results.
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B.1 KEM Experiments

A schematic of the KEM system is shown in Figure 2. It consists of a supersonic
nozzle for driving micron size particles to speeds in excess of 300 rnk and a recovery
hood for recovering the over-sprayed powder. The gas source used two K-bottles of
commercial grade helium and nitrogen, regulated to nozzle inlet pressures of 500 psig

or less. The fluidizing gas pressure driving the feeder was regulated to a Ap of20-30
psigabovetheprocessline

The test matrix consists of the following parameters with a wide range of values:
powder materials, powder sizes (commercial grades), carrier gases (Helium and
Argon), pressures, and substrate materials based on hardness, deposition thickness:
thin film and bulk samples, as summarized in Table B1.

( Figure 2 Schematic Representation of KEM System )

f

Suction
System

7

Application H
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Table B1
Powder Material Substrate Gas Pressure Data

Cu: <10 and< 45~m Al He: 100,200,450 psig thin coating: deposition rates,
hardness, metallograph

Cu:el O~m Ni He: 450 psig thin coating: hardness and
metallograph

Zn: <10 and c 45~m Al He: 100,200,450 psig thin coating: deposition rates,
hardness; metallograph

Al: c1O and <45~m Al He: 100,200,450 psig thin coating: hardness and
metallograph

Ni: c3um Al He: 450 psig thin coating: hardness and
metallograph

Ti :< 45~m Al He: 450 psig thin coating: hardness and
metallograph

Cu< 1O~m Al He: 450 psig bulk sample: metallograph,
heat treatment, hardness, and
mechanical testing

Zn< 1Owm Al He: 450 psig bulk sample: hardness and
metallograph

Tic45Um Al He: 450 psig bulk sample: metallograph,
I heat treatment, and hardness
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B.2 KEM Results and Discussions

The thickness of the samples varies with the powder size and operating parameters.
For example, up to 2.5 mm thick KEM deposition can be obtained with longer dwell
time, smaller powder size and higher inlet pressure. Figure 3 compares the average
deposition rates of Cu and Zn on Al substrate, in microns per second per cm2, as a
function of helium gas inlet pressure in psig, particle size, and depositing powder.
These values are representative of the current KEM laboratory configuration
consisting of a modified Metco powder feeder and a ITI-designed nozzle.

I Figure 3 Deposition Rate as a Function of He pressure
1

0 100 200 300 400 500

He Pressure

*<l Oum Cu

+<45 urn Cu

*<l Oum Zn

Comparison of deposition rates between different powders, e.g., Cu and Zn, can be
difficult due to the effects of the feeder on the flow of powders. The large
uncertainties associated with the deposition rates were attributable to powder flow
rate variations that were highly dependent on the powder properties and the feeder
behavior. Generally, higher inlet pressures and smaller particles, tended to increase the
deposit rates, and samples with lower porosities and higher hardness. A few selected
KEM depositions of various powders were made on substrates of copper and nickel.

The hardness measurements for Cu on Al and Zn on Al showed that the hardness
tends to be slightly higher at the higher gas pressure for thicker spray-form buildup.

Table B2 summarizes the results for deposit on aluminum substrates, showing the
effects of powder size, shape and gas pressure on the deposition rate, porosity, and
hardness.

Table B2
Powder

Al (c1 Opm)
Al (<10pm)
Al (20ym), sph
Al (20pm), sph
Cu (<10 pm)
Cu (<IO pm)
Cu (<IO pm)
Cu (<45 pm)
Cu (<45 ~m)
Ni (<3 pm)
Ni (e 3 ~m)

Avg. Deposition I Helium Gas (psig) Porosity I Hardness I Base Metal RH
Rate (~m/cm2-s) RH,15T

13*7 200 &% 71*2 77*2
6*5 450 <5% 72*2
99* 20 200 5-lo% 61*4
384t 20 450 5-10% 64*3
8*3 100 6% 77*3 76* I
84*I7 200 5.6t4.5 85*2
122*23 450 C5% 89*2
20*I 200 >10% 76*2
59*6 450 >Io% 78*3
14*5 200 88*2 87A]
23*12 I 450 1- I 87*2 \ (lnconel-600)
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Ni (c 10 ~m) 13*4 200 5-lo% 88*4
Ni(c10~m) 44*7 450 92* I
Ti (<45 pm) 29*7 200 18*4.5 78*3 8ofl
Ti (<45 pm) 42*13 450 >10% 83*6
Zn (<1O~m) 82*8 --16O*44 200-450 C5% 63*4

Micrographic comparison of the particle size effects showed that the bulk and

interracial porosities were quite low (less than 5%) for the <l O~m-Cu, while the

<45~m-Cu exhibited moderate porosity (10-15%). The rnicrograph of a “Cu-on-Cu”
deposit showed a much lower level of interracial porosity, as compared to a “Cu-on-
Al>’deposit under otherwise the same conditions, suggesting that similar metals form
stronger bonding than the dissimilar ones.

lTIgeneratedthebulk(thick)samples(Cu,Ti,andZn)[TableB3]usingthe
parametersderivedfromthetestmatrix.AllKEM bulksampleswerefairlyroughon
thedepositionsidebecauseofmanuallyoperatednozzletranslation.TheCu andTi
bulksamplesexhibitedsignificantresidualstressthatresultedinbendingofthe
samples.Thezincsampleshowedmuchlessresidualstress.

Table B3 Bulksampledepositionparameters:
BulkSample Cu T1 Zn
Dimension 8.Ocm x 1.6cmx 0.6cm 8.Ocm x 1.7cm x 0.5cm 8.Ocm x 1.8cm x 0.3cm

Powder Size e 10~m <45 ~m e 10~m
Helium 300 psig 250psig 300psig
Pressure
Height of 3.Omm 2.5mm 0.5mm
Curvature
Radius of 34 32 203

I Curvature I

Table B4 Bulk samples test summary
Treatment”) Rockwell Density Tensile Machineabiiity Oxygen Content

Hardness(z) Property
Cu . As-deposited 87( 15T) 94% –- pcmr 0.209% k 0.057-

. Annealed 80(15Tj 96% 38 ksi good comparable to general
o .7% MSDS spec. for Cu

(ultimate) powders
Ti . As-deposited 82 (15T) 82% --- poor ---

● Annealed 32 (C) 93% --- poor-fair

. HIP’ed 38 (C) 100% --- fair

Zn ● As-deposited 74 (15T) 96% — fair ---

(1). Annealing condition: 2/3 melting temperature 3 hours; HIP condition: 15ksi at 1000°C 3 hours.
(2). [15Tl is Rockwell superficial ha~dnes~:max. scale=92.5 equivalent to 19.9 on [C] scale.

Thepost-KEMprocessesincludedannealingofCu sample,andannealingfollowedby
HIP-ingofTisample.Thesetreatmentsgreatlyimprovedthedepositsmechanical
properties.Table4 isasummaryoftheanalysisandtestingresults.

Annealing of KEM-deposited Cu had moderate reduction in porosity, (from 6% to
4%), and a slight decrease in hardness. Annealing and HIP-ing of the KEM-deposited
Ti reduced the porosity from 17% to O, increased the hardness greatly.

A tensile specimen machined from an annealed Cu sample was tested. The result
shows that, with 38 ksi ultimate stress at 0.75V0 elongation, the specimen was brittle
but relatively strong.
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Elemental analysis of the Cu sample shows that the bulk oxygen content was in line
with the level of commercial grade Cu powders, that the KEM process failed to purge
out the oxide coating naturally occurring on the Cu particle surfaces.

B.3 KEM Summary

This study has demonstrated that it is feasible to use KEM process to deposit a wide
range of metal powders to form both thin and thick coatings on various substrates.
The work also has validated KEM as an efficient method for spraying fine reactive and
pyrophoric powders such as titanium, in an inert gaseous atmosphere without using
high vacuum deposition technology.

Post KEM processes such as annealing and/or HIP-ing will greatly improve the
mechanical properties of the KEM-produced free-standing components. For
refurbishment or thin coating applications the post-processes may not be as important.

The effect of the measured residual oxide on the KEM material property is not well
understood. But it does suggest that powder conditioning and/or in-situ generation of
powderasanintegralpartoftheKEM processshouldbestudied.

We havemadepreliminarymodelinganalysesoftheKEM phenomena,andtheresults
obtainedtodaterevealthatimpactsbysolidparticlesathighvelocitiescouldcause
deformationsonboththeincidentparticlesandthetargetandthatthedeformationin
thelattermaterialisqualitativelysimilartothatseeninthetestsamples.A more
detailedanalysisofthisworkhasbeenreportedin:FinalReport-FY96 Manufacturing
TechnologyThrustArea(DTED -Al-961016-CCya).

IV.FutureWork

TheproposedworkforPVD andKEM shouldbeseparate:

PVD -

●

●

●

●

●

●

KEM .
●

●

●

●

●

optimizing the PVD process and post process variables
forming and characterizing small cylindrical hydro-test specimens

performing hydro-test

studying other post-process treatments to optimize or tailor material property

studying PVD process scale-up: geometry discontinuity and substrate design

assessing weldability of the heat treated PVD alloy for microstructure and
mechanical strength

carrying out particle-target interaction experiments

U6Nb experiments

powder synthesis and conditioning
post-KEM processes

process modeling analysis
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